A disulfonamide compound with bulky aromatic side chains was prepared and its properties as a potential building block for foldamers evaluated. Two different solvate crystal forms of the compound were identified and compared to the structures of an analogous oligoamide and related disulfonamides. The disulfonamide is unfolded in one of the solvates, whereas in the other one, a loosely folded conformer stabilized by an intramolecular hydrogen bond is found. Density functional calculations indicated that the loosely folded conformer is slightly more stable than its unfolded isomer. The calculations also identified a third, more tightly folded and more extensively hydrogen bonded conformer that is even lower in energy.
Introduction
The crystal form, the organization of molecules in a crystalline solid, depends on the conformational, functional and interaction properties of the compound, as well as, on the crystallization environment, such as temperature and solvent. On the other hand, the crystal form affects the physical properties of crystalline materials and provides information on conformational preferences and the interplay of intra-and intermolecular interactions and their 2 role in formation of crystalline materials in varying conditions. 1 Molecular conformation is especially important in the case of synthetic compounds that adopt structures mimicking those of biological molecules, such as peptides and proteins. These biomimetic molecular scaffolds, called foldamers, are composed of relatively simple repeating structural units and have, to some extent, predictable secondary structures stabilized by weak interactions between nonadjacent units. 2, 3 In addition to being artificial models for molecular folding, 4 foldamers may express enzyme-like functions such as receptor properties and catalysis. 5 The most common bond type used in the construction of foldamers is the amide bond. 6, 7 This is not only due to its analogy to peptide bonds but also because of its predictable hydrogen bonding properties. Another interesting, yet rarely used, bond type is the sulfonamide bond in which the sp 2 carbon of an amide is replaced with an sp 3 sulfur. 8, 9 This leads to differences in the preferred orientation of the CN and SN bonds and in the wideness of the OXN angles (120º and 106º for X = C and X = S, respectively). Compared to amides, sulfonamides have different possibilities for intra-and intermolecular hydrogen bonding, 10, 11 which strongly affects their conformational properties and, hence, the propensity of sulfonamides to form polymorphs and co-crystals. 12, 13 In small peptides, the amide-to-sulfonamide replacement has been reported to lead to both striking differences as well as surprising similarities in the folding patterns. 8, 14 Co-crystallization studies of sulfonamide compounds have been conducted to improve their properties, such as solubility, and to explore their potential as building blocks for new molecular assemblies with improved pharmaceutical properties. 15 Sulfonamides were the first clinically available antibacterial agents 16 and they have been widely used in the design of drug candidates. 17, 18 Another potential use for sulfonamide compounds is (stereoselective) organocatalysis because of their capacity to form fairly weak hydrogen bonds and their increased acidity compared to the amide group. 19, 20 In our previous study, we focused on aromatic oligoamides as potential foldamers and studied their conformational properties, polymorphism and solvate formation. 21, 22 In order to investigate the effect of amide-to-sulfonamide replacement on molecular conformation and folding, we have now prepared a sulfonamide analogue (2) of one of the previously synthesized oligoamides (3). 21 The structural properties of the sulfonamide 2 were investigated in the solid state and in solution as well as by performing density functional theory (DFT) calculations. The results are compared and contrasted with the data of the oligoamide 3, as well as for other related disulfonamides described in the literature.
Experimental

Materials and methods
All starting materials were commercially available and used as such unless otherwise noted. solvates (see ESI for details). In all evaporation crystallizations, 20 mg of compound 2 was dissolved in 26 ml of the solvent. Heating and stirring were used to help the dissolving process.
After the compound had fully dissolved, slow evaporation of the solvent was allowed at room temperature. In diffusion crystallization, 2 mg of compound 2 was dissolved in 0.5 ml of ethyl acetate and 2 ml of hexane was used as an antisolvent in a closed container. The sample was left to crystallize at room temperature.
X-ray crystallography
Single crystal X-ray diffraction data was collected with a Bruker Nonius KappaCCD diffractometer at 173 K using a Bruker AXS APEX II CCD-detector and graphitemonochromated CuKα-radiation (λ = 1.54178 Å). The structures were solved with direct methods and refined using Fourier techniques with the SHELX-97 software package. 25 Absorption correction was performed with Denzo-SMN 1997. 26 All hydrogen atoms were placed to their idealized positions except for the NH hydrogens that were located from the electron density map and included in the structure factor calculations. Electron density of severely disordered solvent molecules in the EtOAc solvate structure was removed with the SQUEEZE 27 routine included in the PLATON 28 program in the WinGX package. 29 Full details of the crystallographic data and refinement are presented in Table 1 and in the ESI. Graph set symbols for hydrogen bonding were assigned and used to compare the bonding between the different crystal structures.
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Computational details
All calculations were performed with the Gaussian 09 32 program package using the ωB97XD density functional 33 and Ahlrichs' def2-TZVP basis sets. 34 The chosen density functional includes an empirical dispersion correction term and it can better treat hydrogen bonding and van der Waals interactions than many conventional density functionals such as B3LYP. The initial geometries of conformers of 2 were taken directly from the single crystal X-ray diffraction data.
The global minimum conformation, 2III, was obtained via potential energy surface scans in which the torsion angles of the sulfonamide substituents were systematically varied keeping the other geometry parameters frozen. These scans were performed using a lower level basis set. The minima found were subjected to subsequent geometry optimizations using the same functional 7 and basis set as used for 2I and 2II. Gas phase geometry optimizations were performed for all systems and the nature of the located minima confirmed by performing a full vibrational analysis. In addition to gas phase calculations, a polarized continuum solvent model (IEFPCM) 35 was used in order to determine if the bulk properties of the solvents (EtOAc and DCE) had significant influence on the energetic preference of different conformers of 2. The energy values reported in the text are enthalpy differences obtained at 298 K and 1 atm. 
Results and Discussion
The N 1 ,N 3 -bis(2-benzamidophenyl)benzene-1,3-disulfonamide (2) was synthesized in good yield by a nucleophilic substitution reaction between N-benzoyl-2-aminoaniline (1) and benzene-1,3-disulfonyl chloride (Scheme 1). The product was characterized by 1 H and 13 C NMR spectroscopy including 2D techniques (COSY, HMQC, HMBC and NOESY; see ESI for details).
Scheme 1. Synthesis of disulfonamide 2.
The 1 H NMR spectra of 2 in DMSO-d6 and acetone-d6 at room temperature are consistent with a symmetric structure for the molecular backbone, which indicates either the presence of a single preferred conformer with C2-symmetry axis or multiple conformers undergoing rapid exchange in NMR timescale. Variable temperature 1 H NMR measurements in acetone-d6 showed no significant splitting of the proton signals when the temperature was gradually lowered to 80C, 9 which confirmed that a rapid exchange process is unlikely. A NOESY NMR spectra of 2 in acetone-d6 indicated NOEs between the protons of the terminal phenyl substituents and the hydrogen atoms of the sulfonamide groups, but this information was inconclusive for a detailed conformational determination.
Crystallographic studies
Compound 2 was crystallized as two solvates, the ethyl acetate solvate (EtOAc, solvate 2I) and the dichloroethane solvate (DCE, solvate 2II), which differ by the conformation of 2 ( Figure 1 ).
Two lower quality preliminary structures were also obtained: an acetonitrile (MeCN) solvate that is isomorphous with the EtOAc solvate 2I and a tetrahydrofuran (THF) solvate that is isomorphous with the DCE solvate 2II (see ESI for details). In addition, powder diffraction data collected for the samples obtained from ethanol and methanol crystallizations of 2 suggest the existence of a third currently unknown crystal form, since the diffraction pattern bears very little resemblance to the patterns calculated from the single crystal X-ray structures of solvates 2I and 2II (see ESI for details).
In both conformers, the SN bonds are roughly perpendicular to the plane of the central aromatic ring, which is typical to sulfonamides. In the structure of solvate 2I, the conformation of 2 is unfolded and symmetrical with the SN bonds oriented on opposite sides of the central ring, whereas the conformation of 2 in solvate 2II is loosely folded and asymmetric with the SN bonds on the same side of the central ring (Figure 1 ). In the analogous oligoamide 3, the CN bonds are on the same plane with the central aromatic ring, and a loosely folded conformer is stabilized by two intramolecular hydrogen bonds between neighboring amide groups ( Figure   2 ). The primary hydrogen bonding networks in solvates 2I and 2II can be rationalized with the tendency of 2 to maximize interactions involving the amide carbonyls, since the amide carbonyl oxygen is known to be a better hydrogen bond acceptor than the sulfonyl oxygen.
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Consequently, the sulfonyl groups act as hydrogen bond acceptors only between the molecular chains in the solvate 2II structure. This also means that there are amide and sulfonamide NH groups in both conformers of 2 that do not take part in the primary hydrogen bonding network. It can be argued that DCE is a poor hydrogen bond acceptor compared to an amide carbonyl, and therefore compound 2 should form intramolecular hydrogen bonds more willingly (solvate 2II) than when better hydrogen bond acceptors, such as EtOAc or MeCN, are used as solvents
13
(solvate 2I). However, the conformation of 2 in the THF solvate contradicts with this interpretation as the hydrogen bond acceptor properties of THF are more in line with those of EtOAc and MeCN than with DCE, but still a folded, isomorphous conformer to 2I, was nevertheless obtained. 36 Therefore, the likely explanation for two different conformers of 2 is that conformers are very close in energy and the interplay of inter-and intramolecular hydrogen bonding along with intramolecular steric hindrance caused by the bulky phenyl rings directs the organization of molecules to two different structures during crystal nucleation.
Computational studies
In order to obtain more insight into the conformational features of 2, its potential energy surface was analyzed with DFT by optimizing the structures of the two conformers observed in the solid state at the ωB97XD/def2-TZVPP level of theory.
The optimized structure of 2I is similar to the conformer in solvate 2I with major changes only in the hydrogen bonding network. The weak NHN bonds observed in the crystal structure are replaced by two strong intramolecular NHO=S hydrogen bonds (DA 2.869 Å, <DHA 154.1°) that result in a significantly more compact molecular geometry (Figures 3a and 4a ). This is expected as the orientation of the amide groups in the model system, a single molecule of 2, is not fixed by intermolecular NHO=C hydrogen bonds whose formation is preferred in the solid state.
Unlike the structure 2I, the optimized geometry of 2II is practically identical to the conformer in solvate 2II (Figures 3b and 4b) . Non-amide/sulfonamide hydrogen atoms have been removed for clarity.
The energies of the model systems 2I and 2II can also be compared for insight. If only intramolecular steric hindrance is considered, the conformation of 2I would be expected to be more favorable because of smaller repulsion between the bulky side chains. However, the calculations indicate that conformer 2II is lower in energy, though only by approximately 711 kJ mol 1 , depending on whether the calculations were conducted in the gas phase or using a solvent model. The energy difference between the two conformers can be attributed to the strong intramolecular hydrogen bond in 2II. It is also possible to compare the energy of the "tailing" monomer from the optimized dimeric pair of 2I, denoted 2I*, with the optimized conformer 2II
as both of these structures are very close to the geometries observed in the solid state (Figure 4 ).
This comparison reveals that 2I* is higher in energy than 2II by 48 kJ mol 1 (approximately 35 kJ mol 1 for the solvated system), which further supports the notion that intermolecular interactions contribute much more to the stability of 2I in the solid state than they do in the case of 2II. Consequently, there seems to be an energetic preference towards structure 2II in the gas phase and in solution which is then compensated by the external hydrogen bonding network in the solid state, giving 2I and 2II nearly equal energies as implied by the crystallization experiments. Unfortunately, the presence of severely disordered (and different) solvent molecules in the unit cells of solvates 2I and 2II prevents meaningful comparisons using computational energies based on unit cell data.
The potential energy surface of 2 is obviously complex with many different possibilities for the relative orientation of the side chains along with different secondary bonding interactions. An exhaustive search through all alternatives is beyond the scope of the present work. However, it was considered to be of interest to scan through some possible conformations, which would maximize the intramolecular hydrogen bonding and therefore the folding of 2. This led to the identification of the conformer 2III (Figures 3c and 4d ) that has two NHO=C (DA 2.714 Å, <DHA 141.4°) and two NHO=S (DA 3.066 Å, <DHA 157.6°) hydrogen bonds which collectively give the molecule a symmetric S-shaped geometry. The terminal and central aromatic rings in 2III adopt a mutually parallel orientation, but the distance between the rings does not indicate any significant π-π interactions.
Due to extensive intramolecular hydrogen bonding, the conformer 2III is 39 kJ mol 1 more stable than 2II (25 kJ mol 1 when using a solvent model). However, conformer 2III was not experimentally observed in the solid state nor could its presence in solution be identified. This could potentially be because of (presumably) large energy barriers associated with the rotation of the bulky side chains to adopt such a folded structure. Additionally, the hydrogen bonding network in conformer 2III is easily perturbed by appropriate solvent molecules, which could prevent its formation altogether.
Structural comparisons
A search through the Cambridge Structural Database yielded only three sulfonamides related to 2 that contain a benzene-1,3-disulfonamide core with aromatic side chains (46; Figure   4 ). 24, 38, 39 In 4 axis. 38 In the case of 4, the intermolecular hydrogen bonding network involves one of the two carbonyl oxygen atoms on the aromatic side chains in addition to the sulfonamide groups. 24 Consequently, the conformation adopted by 4 and 5 is likely to be caused by favorable intermolecular hydrogen bonding and by steric hindrance associated with the bulky side chains.
DFT calculations conducted for a single molecule of 5 predict a conformer with both aromatic side chains on the same side of the central ring to be lower in energy by 15 kJ mol 1 (see ESI Figure S4 ). This supports the view that the conformation adopted by 5 in the solid state is strongly influenced by favorable intermolecular hydrogen bonding interactions. The conformation of compound 6 is similar to that of 2 in solvate 2II. In this case, however, there is no intramolecular hydrogen bond explaining the orientation of the aromatic side chains on the same side of the central ring, but the conformation can be rationalized by the bulky isopropyl substituents, which direct the sulfonamide groups on the same side of the central ring.
DFT calculations conducted for the two possible conformers of 6 indicate a small, 10 kJ mol 1 , energetic preference for the geometry observed in the solid state. In agreement with these 20 structural features, it has been shown that the alkoxy substituted diarylsulfonamide moiety in 6 is a convergent structural unit that can be used to build larger macrocyclic oligosulfonamides with predictable conformations. 38 The Cambridge Structural Database was also searched for molecules similar to the folded conformer 2III that was identified by calculations. A closely related conformer has been reported for compound 7 with a 4-methylphenol-2,5-disulfonamide core ( Figure 5 ). 40 The conformational flexibility of 7 can be ascribed to the methylene linkers between the sulfonamide groups and the terminal pyridyl rings, which, in the absence of significant steric strain, allow the molecule to adopt a folded S-shaped geometry in the solid state. Further stabilization for 7 is provided by intermolecular NHN and OHN hydrogen bonds and offset π-π stacking interactions that organize the molecules into parallel columns along the crystallographic a-axis. DFT calculations for molecule 7 reproduce well the S-shaped geometry observed in the solid state (see ESI for details). This strongly suggests that the folded conformation of the molecule is not just a result of packing effects and favorable intermolecular interactions in the solid state. Figure 6 . Molecular structure and conformation of disulfonamide 7 related to 2III. 40 Non-amide and non-hydroxide hydrogen atoms have been removed for clarity.
Conclusions
The folding of a disulfonamide compound 2 was studied both experimentally and computationally, and the results were compared to data reported for closely related oligoamide and disulfonamides 37. Two significantly different conformers of 2 were observed in the solid state, one symmetrical and unfolded and the other unsymmetrical and loosely folded.
Calculations at the density functional level of theory showed that the observed conformers are relatively close in energy, which suggests that the adaption of a specific conformer during crystal nucleation involves a delicate interplay of intra-and/or intermolecular hydrogen bonding and steric hindrance caused by the bulky side chains. The calculations also indicated a third possible conformer of 2 with multiple intramolecular hydrogen bonds, giving the molecule both an Sshaped geometry and lower energy. The reason why this conformer was not observed experimentally was tentatively attributed to the energy barriers involved in the rotation of the side chains to adopt such a folded conformation.
The results indicate that oligomers with both amide and sulfonamide groups can easily assume at least two different stable conformers without apparent environmental factors. Thus, the controlled use of sulfonamide bond as a component in foldamers is challenging and possibly requires synthetic modifications toward more flexible side chains or the use of a pyridine core. In analogous oligoamides, these changes have led to more folded structures and increased intramolecular hydrogen bonding. However, both the number of interaction sites in the sulfonamide derivative 2 and its ability to form channel structures suggest that it could potentially be used as a co-crystal host. 
Supporting Information
Crystallographic data for two isomorphous preliminary structures of compound 2 (MeCN and THF solvates) and notes on the crystallographic data. X-ray crystallographic information files (CIF) of solvates 2I, 2IB, 2II and 2IIB. Hydrogen bonding parameters and relevant torsion angles (all structures), a figure of solvent channels in the structure of solvate 2I and graphical representations of π-π stacking interactions for solvates 2I and 2II. Powder X-ray diffraction data of compound 2 (calculated and measured). 1 H, 13 C, COSY, HMBC and HMQC NMR spectra of 2 in DMSO-d6, a NOESY NMR spectra in acetone-d6 and 1 H NMR spectra at 30°C and at 80°C in acetone-d6. Optimized geometries (gas phase) of 2I, 2I dimeric pair, 2II and 2III in xyz- 
